Abstract: Biocatalytic processes are increasingly playing a key role in the development of sustainable asymmetric syntheses, which are central to pharmaceutical companies for the production of chiral enantiopure drugs. This work describes a simple and economically viable chemoenzymatic process for the production of (S)-rivastigmine, which is an important drug for the treatment of mild to moderate dementia of the Alzheimer's type. The described protocol involves the R-regioselective bioreduction of an aromatic ketone by Lactobacillus reuteri DSM 20016 whole cells in phosphate buffered saline (PBS) (37 • C, 24 h) as a key step. Biocatalytic performance of baker's yeast whole cells in water and in aqueous eutectic mixtures have been evaluated and discussed as well. The route is scalable, environmentally friendly, and the target drug is obtained via four steps in overall 78% yield and 98% ee.
Introduction
Nowadays, the biocatalytic processes promoted by whole cells or isolated enzymes represent one of the most heavily used green methodologies in preparative chemistry to perform highly chemo-, regio-, and stereoselective organic transformations, as they are typically run under very mild reaction conditions (e.g., almost neutral pH buffer solutions, ambient temperature or mild heating, atmospheric pressure, etc.) [1, 2] . Isolated enzymes are certainly specific catalysts for such transformations, with a history of high cost-effectiveness, especially on a preparative scale [3] . Whole-cell microorganisms, on the other hand, offer several positive features associated with their use as biocatalysts as they are more accessible, stable and easier to handle [4] . Moreover, the presence of efficient internal cofactor (e.g., NADH or NADPH in reduction reactions) regeneration systems allow for cheap biocatalytic processes to be carried out often using glucose as the sole carbon source [5] . Along with these properties, however, associated disadvantages are low yield processes, low reactant solubility in organic or aqueous media, low product recovery from reaction media, possible toxicity of substrates and products, and undesired side reactions because of the different enzymatic consortia usually present [4] . These drawbacks have prompted the isolation of new microorganisms and the development of new strains through Scheme 1. Previous syntheses of (S)-rivastigmine, and this work reporting a whole-cell biocatalytic reduction approach as a key step.
Results and Discussion
As different alcohol dehydrogenases (ADHs) with different stereopreference and substrate specificity can be expressed in various microorganisms, also by varying metabolic growth conditions and phase [26] [27] [28] [29] [30] , we envisaged the whole-cell bioreduction of prochiral aryl ketone 1 or 2 as the key step in obtaining the appropriate precursor (R)-3 or (R)-4, useful for the synthesis of the target eutomer of (S)-rivastigmine (5) (Scheme 2). In order to establish the feasibility of this strategy, we explored different experimental conditions in water and in DES-water mixtures using baker's yeast resting cells (RC) or Lactobacillus reuteri DSM 20016 whole cells. A set of representative results are summarized in Tables 1 and 2 .
Scheme 2. Retrosynthetic analysis of (S)-rivastigmine (5) starting from 3-hydroxyacetophenone (1) or 3-acetylphenyl-N-ethyl-N-methylcarbamate (2) via chiral secondary alcohols (R)-3 or (R)-4. Scheme 1. Previous syntheses of (S)-rivastigmine, and this work reporting a whole-cell biocatalytic reduction approach as a key step.
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same experimental conditions and by increasing the incubation time to up to 40 h, alcohol 3 could now be isolated in 25% yield, and with an enantiomeric excess (ee) >98% in favor of the S-enantiomer (Table 1, 
entry 3).
A prolonged reaction time to up to 120 h, however, did not affect the chemical yield of 3, while a slight erosion of the ee (98%) was detected ( Table 1 , entry 4). The replacement of water by neat ChCl/D-fructose (3:2 w/w), ChCl/glycerol (Gly) (1:2 mol/mol), and L-(+)-lactic acid/ChCl (2:1 mol/mol) eutectic mixtures did not lead to any conversion of 1 to up to 120 h of incubation (Table 1 , entries 5-7). The same occurred after addition of up to 10 w% of water (Table 1, entries 8-10 ). On the other hand, the employment of a ChCl/Gly eutectic mixture with increasing percentages of water provided 3 with yields up to 32% and an ee >98%, however, still in favor of the S-enantiomer (Table 1, entries 11,12) . Thus, an inversion of stereopreference promoted by baker's yeast was not observed compared to the bioreduction carried out in pure water (Table 1 , entry 4) [25] . As for ketone 2, by running its bioreduction in pure water, the expected alcohol 4 could be isolated in only 12% yield after 24 h incubation, although enantiomerically enriched (ee >98%) in favor of the S-enantiomer (Table 1 , entry 13), whereas an erosion of its ee (95%) was detected after 120 h of incubation in a ChCl/Gly-based eutectic mixture with 20 w% of water (Table 1, entry 14) .
Thus, the required R-enantioselectivity for alcohols 3 and 4 necessary for the synthesis of (S)-5 in the final steps, according to the retrosynthetic approach depicted in Scheme 2, was never observed, most probably because of a lower affinity of the starting prochiral ketones 1 and 2 towards R-ADHs, the bioreduction promoted by S-ADHs always taking place at a higher reaction rate in pure water.
Bioreduction of Ketones 1 and 2 with Lactobacillus reuteri DSM 20016 Whole Cells
We then investigated the stereochemical outcome of the bioreduction of ketones 1 and 2 using Lactobacillus reuteri DSM 20016 whole cells as biocatalyst (Table 2 ). Pleasingly, when 1.1 g cell dry weight (CDW)/L of Lactobacillus reuteri RC were incubated anaerobically for 24 h in a phosphate buffered saline (PBS) supplemented with 1% glucose at 37 • C in the presence of 1 g/L of ketone 2 in a shake flask with orbital shaking, alcohol 4 was isolated in 60% yield and with an ee of 98% in favor of the R-enantiomer (Table 2, entry 1). A less efficient conversion (47%) was instead obtained after 24 h by using growing cells (GC) of Lactobacillus reuteri DSM 20016 strain, inoculated at the initial density of 1.1 g CDW/L in MRS (De Man, Rogosa and Sharpe medium) medium [45] together with 1 g/L of ketone 2 ( Table 2, entry 2) .
By prolonging the incubation of ketone 2 in PBS supplemented with 1% glucose with Lactobacillus reuteri RC, alcohol 4 could now be smoothly recovered in 64 and 74% yield after 48 and 72 h, respectively, the ee always being 98% (Table 2 , entries 3,4). Under the same experimental conditions, however, the bioreduction of ketone 1 provided alcohol (R)-3 only in 16% yield after 72 h although with an ee >98% (Table 2, entry 5). Further optimization of the reaction conditions focused on using a twin bioreactor system.
The biotransformation performance (yield and enantioselectivity) was experimentally verified on a gram scale, under controlled conditions (200 rpm, 37 • C, anaerobiosis, 1.1 g CDW/L), in three parallel reactors: a shake-flask in an orbital shaker (Table 2, entry 6) and two bioreactors ( Table 2 , entries 7 and 8), equipped with in situ pH and pO 2 electrodes, temperature sensors and stirring speed control. In one vessel ( Table 2 , entry 7), pH was maintained at 7.0 by the addition of a NaOH solution (0.1 M), whereas the parallel experiment (Table 2, entry 8) was performed in the absence of an active pH control to evaluate the effect of the acidification induced by the metabolism of Lactobacillus reuteri cells on the conversion rate and on the ee of the product. After 72 h of incubation of ketone 2 with Lactobacillus reuteri DSM 20016 (RC), appreciable and very similar amounts of alcohol (R)-4 (63-71%) were detected in all the experiments, with an ee to up to 98%, regardless of the kind of shaking (orbital or mechanical) or pH control. This suggests that other factors, such as the toxicity of the substrate and the product, may limit the yield of conversion. In order to understand if the biotransformation performance could be improved by increasing the amount of the biocatalyst,
we carried out the bioreduction of 2 with Lactobacillus reuteri DSM 20016 whole cells using a fourfold higher cell concentration (4.4 g CDW/L). Under these conditions, we reached the best conversion after only 24 h of incubation in anaerobiosis at 37 • C, in PBS and 1% glucose, in a shake flask with orbital shaking: enantiomerically enriched alcohol (R)-4 was isolated in 90% yield and in 98% ee by means of a clean extraction process (Table 2, entry 9). As for bioreductions with Lactobacillus reuteri DSM 20016 run in eutectic mixtures, preliminary experiments performed in carbohydrate-based DESs led to complete recovery of the acetophenone derivative as starting material. Glycerol, on the other hand, is known to be metabolized by the above microorganism into 1,3-propanediol as the final product [46] .
Chemoenzymatic Total Synthesis of (S)-Rivastigmine
With the optimal reaction conditions in hand, the total chemoenzymatic synthesis of (S)-5 was then performed in four steps. Carbamate 2 was obtained from the commercially available 3-hydroxyacetophenone (1) in 91% yield according to reported procedures (Scheme 3) [43, 44] . Then, it was subjected to an enantioselective biocatalytic reduction by Lactobacillus reuteri DSM 20016 whole cells into alcohol (R)-4, isolated in 90% yield and 98% ee. Finally, the transformation of (R)-4 into (S)-5 was carried out in a one-pot two-step process by first converting (R)-4 into the corresponding mesylate, and then by exploiting a stereospecific nucleophilic substitution with a solution of Me 2 NH in THF, which took place with inversion of configuration at the chirality center [43], thereby providing (S)-5 in 95% yield and 98% ee (Scheme 3). Lactobacillus reuteri cells on the conversion rate and on the ee of the product. After 72 h of incubation of ketone 2 with Lactobacillus reuteri DSM 20016 (RC), appreciable and very similar amounts of alcohol (R)-4 (63-71%) were detected in all the experiments, with an ee to up to 98%, regardless of the kind of shaking (orbital or mechanical) or pH control. This suggests that other factors, such as the toxicity of the substrate and the product, may limit the yield of conversion. In order to understand if the biotransformation performance could be improved by increasing the amount of the biocatalyst, we carried out the bioreduction of 2 with Lactobacillus reuteri DSM 20016 whole cells using a fourfold higher cell concentration (4.4 g CDW/L). Under these conditions, we reached the best conversion after only 24 h of incubation in anaerobiosis at 37 °C, in PBS and 1% glucose, in a shake flask with orbital shaking: enantiomerically enriched alcohol (R)-4 was isolated in 90% yield and in 98% ee by means of a clean extraction process ( 
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Materials and Methods

General Methods
Melting points were taken on an electrothermal apparatus. 1 H NMR and 13 C NMR spectra were recorded on a Bruker 600 MHz spectrometer and chemical shifts are reported in parts per million (δ). Absolute values of the coupling constants are reported. FT-IR spectra were recorded on a Perkin-Elmer 681 spectrometer. GC analyses were performed on a HP 6890 model, Series II by using a HP1 column (methyl siloxane; 30 m × 0.32 mm × 0.25 μm film thickness). Analytical thin-layer chromatography (TLC) was carried out on pre-coated 0.25 mm thick plates of Kieselgel 60 F254; Scheme 3. Chemoenzymatic total sythesis of (S)-rivastigmine (5) in four steps.
Materials and Methods
General Methods
Melting points were taken on an electrothermal apparatus. 1 H NMR and 13 C NMR spectra were recorded on a Bruker 600 MHz spectrometer and chemical shifts are reported in parts per million (δ). Absolute values of the coupling constants are reported. FT-IR spectra were recorded on a Perkin-Elmer 681 spectrometer. GC analyses were performed on a HP 6890 model, Series II by using a HP1 column (methyl siloxane; 30 m × 0.32 mm × 0.25 µm film thickness). Analytical thin-layer chromatography (TLC) was carried out on pre-coated 0.25 mm thick plates of Kieselgel 60 F254; visualisation was accomplished by UV light (254 nm) or by spraying a solution of 5% (w/v) ammonium molybdate and 0.2% (w/v) cerium (III) sulfate in 100 mL 17.6% (w/v) aq. sulfuric acid and heating to 473 K until blue spots appeared (visualisation of alcohols 3 and 4). Chromatography was carried out by using silica gel 60 with a particle size distribution 40-63 µm and 230-400 ASTM. GC-MS analyses were performed on HP 5995C model and elemental analyses on an Elemental Analyzer 1106-Carlo Erba-instrument. MS-ESI analyses were performed on Agilent 1100 LC/MSD trap system VL. Optical rotation values were measured at 25 • C using a Perkin Elmer 341 polarimeter with a cell of 1 dm path length; the concentration (c) is expressed in g/100 mL. The enantiomeric excess (ee) was determined by HPLC analysis using a Phenomenex LUX Cellulose-1 [Cellulose tris (3,5-dimethylphenylcarbamate) ] column (250 × 4.6 mm). Cell density was determinated by optical density at 620 nm (OD 620 ) with a Genesys TM 20 spectrophotometer (Thermo Fisher Scientific Inc., Waltham, MA, USA). Gram-scale reaction were performed in a bioreactor (Sartorius Biostat B plus Twin System, Göttingen, Germany) equipped with in situ pH and pO 2 electrodes, a temperature sensor, stirring speed and gas-flow ratio controllers.
Deep eutectic solvents ChCl/Gly (1:2 mol/mol), ChCl/D-fructose (3:2 w/w), and L-(+)-lactic acid/ChCl (2:1 mol/mol) were prepared by gently heating under stirring at 60-80 • C for 5 min the corresponding individual components until a clear solution was obtained [25] . All the chemicals and solvents were of commercial grade, further purified by distillation or crystallization prior to use. The progress of the reactions was monitored by TLC and/or GC. The racemic alcohols 3, 4 were prepared by NaBH 4 reduction in EtOH in 91-95% yields [26] [27] [28] [29] [30] . The optically active alcohols 3 and 4, obtained from baker's yeast or Lactobacillus reuteri bioreductions, had analytical and spectroscopic data identical to the previously synthesized or commercially available racemic compounds. All the reported reactions were repeated at least twice without any noticeable change in the results. The eutectic mixture was prepared by gently heating and stirring at 60 • C for 5 min the corresponding individual components (28.5 g of Gly and 21.5 g of ChCl kept in an Erlenmeyer flask) until a clear solution was obtained. Then, water (5 mL (10% w/w)) was added to the DES kept at 37 • C, and the baker's yeast [25] (12.5 g) was dispersed to give a smooth paste in the mixture. Ketone 1 or 2 (50 mg) was added, and the mixture was stirred at 37 • C in an orbital shaker (250 rpm), monitoring the reaction progress by 1 H NMR. After a fixed time (Table 1) , the reaction was stopped by the addition of EtOAc followed by centrifugation, decantation, and extraction with EtOAc. The extracts were dried over anhydrous Na 2 SO 4 , and the solvent evaporated under reduced pressure. The residue was purified by silica gel column chromatography using hexane/EtOAc (10:1) as the eluent to yield the desired alcohol 3 or 4. Absolute configurations of secondary alcohols 3 and 4 obtained from the bioprocess were determined by comparison of their optical specific rotation signs and/or retention times with known data (see Section 3.1).
Bioreduction of Ketone 2 by Using Lactobacillus reuteri Growing Cells (Table 2, entry 2)
Lactobacillus reuteri DSM 20016 was grown overnight in MRS medium [45] , as described in Section 3.2. The cells were inoculated at OD 620 = 0.05 in flasks containing 50 mL of MRS to which the ketone 2 was added at the final concentration of 1 g/L. To ensure the anaerobic conditions, flasks were degassed with N 2 for 5 min. The reaction mixture was incubated at 37 • C, 200 rpm for 24 h. Then, the suspension was centrifuged (2800× g, 10 min, 4 • C), and the aqueous phase was extracted with EtOAc (3 × 15 mL). The organic phase was dried over Na 2 SO 4 , filtered, and evaporated under reduced pressure. The product was isolated by silica gel column chromatography using hexane and EtOAc (10:1) as the eluents to yield the desired alcohol 4 (Table 2, entry 2).
3.6. Bioreduction of Acetophenones 1,2 by Using Lactobacillus reuteri Resting Cells: General Procedure (Table 2) Lactobacillus reuteri DSM 20016 was grown overnight in MRS medium. This pre-culture was inoculated in 50 mL of MRS and incubated for 24 h (37 • C). Cells were harvested by centrifugation (2800× g, 10 min) and washed twice with phosphate buffered saline pH 7.4 (PBS, Sigma-Aldrich, St. Louis, MO, USA). Then, the cells were suspended in the same buffer and adjusted for cell density (1.1 or 4.4 g CDW/L). To this cell suspension, 1% glucose and the desired concentration of arylketone 1 or 2 were added (total volume 50 mL). To ensure the anaerobic conditions, flasks were degassed with a N 2 flux for 3 min. The reaction mixture was incubated at 37 • C, 200 rpm. After the appropriate conversion time (Table 2) , the suspension was centrifuged (2800× g, 10 min, 4 • C), and the aqueous phase was extracted with EtOAc (3 × 15 mL). The organic phase was dried over Na 2 SO 4 , filtered, and evaporated under reduced pressure. The product was isolated by silica gel column chromatography using hexane and EtOAc (10:1) as the eluents to yield the desired alcohol 3 or 4 ( Table 2 ). Absolute configurations of To this cell suspension, arylketone 1 or 2 was added, monitoring the reaction progress by 1 H NMR. The bioreactors were equipped with in situ pH and pO 2 electrodes, a temperature sensor, stirring speed and gas-flow ratio controllers. Cells were cultured under the following conditions: temperature was maintained at 37 • C; pH 7.5; when requested, pH was automatically controlled by additions of NaOH 0.1 M (entry 7); stirring speed was maintained at 200 rpm; anaerobic conditions were maintained by continuous injection of a stream of pure sterile N 2 at 50 mL/min through a sparger placed at the bottom of the bioreactor. At the end of biotrasformation, bacterial cultures were centrifuged at 4000 rpm for 10 min, and the aqueous solution was extracted with EtOAc (5 × 100 mL). The organic phase was dried over Na 2 SO 4 , filtered, and evaporated under reduced pressure. The product was isolated by silica gel column chromatography using hexane and EtOAc (10:1) as the eluents to yield alcohols 3 or 4 ( Table 2 ).
Conclusions
In summary, a novel, whole-cell-based chemoenzymatic total synthesis of (S)-rivastigmine (5) (overall yield: 78%, ee: 98%) has been developed. The key step is the biocatalytic reduction of 3-acetylphenyl-N-ethyl-N-methylcarbamate (2) (obtained in 91% yield by commercially available 3-hydroxyacetophenone (1)) by Lactobacillus reuteri DSM 20016 whole cells to the corresponding secondary alcohol (R)-4 (90% yield; 98% ee; PBS as the reaction medium, 24 h, 37 • C). The latter is finally converted into the target drug (S)-5 following a straightforward stereospecific two-step mesylation-amine nucleophilic substitution route. This simple, cheap, environmentally friendly and easy-to-make procedure is highly competitive with recently reported multistep approaches based on chiral resolving agents, dynamic resolution processes, or asymmetric hydrogenation reactions which make use of expensive chiral catalysts. It is worth underlying that the described procedure has also been performed on a gram scale, and is valuable for setting up a large-scale process production of (S)-5, as the preparation of Lactobacillus reuteri DSM 20016 whole cells is very simple and inexpensive. Moreover, these cells require as a reducing equivalents source just glucose or cheaper alternatives such as spruce lignocelluloses hydrolysates or cheese whey [30, 46] . Baker's yeast (RC) has also been investigated as an alternative whole-cell biocatalyst. The bioredution of key carbonyl derivatives 1 and 2, run both in water and in different aqueous eutectic mixtures, did indeed provide the corresponding secondary alcohols 3 and 4 with ee >98% (conversion up to 32%), but with stereochemistry opposite (that is S) to that necessary for the preparation of the optically pure eutomer of rivastigmine. Biocatalytic processes have become increasingly demanding in preparative chemistry in recent years as green methodologies. They, indeed, allow highly chemo-, regio-, and stereoselective transformations to be carried out under very mild reaction conditions, and are thus a valid alternative to all those approaches in asymmetric synthesis relying on expensive (organo)catalysts, chiral ligands and transition metal complexes, and that still make use of hazardous chemicals and toxic, volatile organic compounds.
